Guided modes in anisotropic two-dimensional van der Waals materials are experimentally investigated and their refractive indices in visible wavelengths are extracted. Our method involves near-field scanning optical microscopy of waveguide (transverse electric) and surface plasmon polariton (transverse magnetic) modes in h-BN/SiO2/Si and Ag/h-BN stacks, respectively. We determine the dispersion of these modes and use this relationship to extract anisotropic refractive indices of h-BN flakes. In the wavelength interval 550-700 nm, the in-plane and out-of-plane refractive indices are in the range 1.98-2.12 and 1.45-2.12, respectively. Our approach of using 2 near-field scanning optical microscopy allows for direct study of interaction between light and two-dimensional van der Waals materials and heterostructures.
For our experiments, we fabricate waveguiding h-BN structures patterned using electron beam lithography (EBL, see Methods) on two different substrates. In the first case (Figure 1a ), a 65 nm thin flake of h-BN is placed on top of a silicon (Si) substrate with 285 nm of thermal oxide (SiO2).
Because the refractive index of bulk h-BN is larger than the one of SiO2, asymmetric TE dielectric slab waveguide modes supported by the h-BN are to be expected. Any guided mode is by definition evanescent, which means it cannot be observed with common optical microscopes that detect only far fields. To probe the near-fields on the samples, we use an NSOM in collection mode (Nanonics Imaging Ltd.), which utilizes a scanning metallized tapered fiber optic tip with a subwavelength aperture (effective diameter ~50 nm) [25] [26] [27] [28] . An avalanche photodetector (APD) is connected at the other side of the fiber, such that the measured signal is proportional to the local optical intensity at the tip. A supercontinuum laser (NKT Photonics supercontinuum laser) is used to illuminate the sample from above with a filter (NKT Select) selecting a single wavelength with a 10 nm bandwidth in the spectral range from 550-700 nm. The impinging Gaussian beam, which can be approximated locally as a plane wave, can excite guided modes in the h-BN structure due to the scattering at the sample edges (Figure 1b ). In the near-field region of h-BN, the optical electric field is the superposition of the impinging beam and the guided TE mode, creating interference fringes in the near-field which can be imaged by the NSOM tip [32, 33] .
For the second case (Figure 1c) , the flakes are placed on a 50 nm thin Ag film on DSP quartz, and SPPs are launched using a 200 nm wide slit (milled with FIB) illuminated from the back-side, as described in our previous work [32] . Similar to the first case, the NSOM can image the SPPs and fringes are visible due to the interference of the SPPs and the transmitted beam (Figure 1d ). The h-BN flake is placed in the path of the SPP, and the resulting SPP mode, modified by the presence of the h-BN, can be studied with NSOM scans of the near-field of the sample. edges. This is due to the fact that the incident beam is polarized and therefore the intensity of the fringes depends on their orientation with respect to the polarization of the incident beam. In particular, as described in Supplementary Information , the intensity of each guided mode and its fringes is maximized when the incident polarization is parallel to the edge. Scale bars in (a-f) are 5 m. , and its presence can be explained by the fact that both air (above) and SiO2 (below) have smaller refractive indices than h-BN. These conditions lead to the presence of confined TE dielectric waveguide modes. The modes in similar dielectric stacks are well known, and their TE nature is explained by the fact that TM modes are less confined and in the cutoff region for the h-BN thickness used here [34] . The same is true for higher-order TE modes, resulting in the propagation of first order TE modes alone. The second experiment relies on the use of SPPs, which are TM electromagnetic modes confined at the interface of a metal and a dielectric. They are characterized by an elliptically polarized evanescent electric field and by a well-known dispersion relation dictated by the complex relative electrical permittivities of the dielectric and the metal:
where is the wavevector of the surface plasmon, 0 is the free space wavevector, is the complex relative electrical permittivity of the metal, and is the complex relative electrical permittivity of the dielectric. However, this dispersion relation only holds when the dielectric is isotropic and semi-infinite. For the case of a thin anisotropic dielectric such as h-BN, the dispersion relationship is affected by the anisotropy, as the polarization has both in-plane and out-of-plane components (see Figure 1d) . Thus, propagation depends on both the in-plane and out-of-plane dielectric constants and can be used to probe them. The dispersion relation of SPPs in the presence of an anisotropic and finite thickness dielectric can be derived as [35] :
with:
where, is the complex relative electrical permittivity of h-BN along x, is the complex relative electrical permittivity of h-BN along z, is the complex relative electrical permittivity of the dielectric superstrate above h-BN which in our case is air (i.e., = 1), is the complex relative electrical permittivity of metal, is the in-plane SPP wavevector, is the angular frequency, is the speed of light, is the thickness of h-BN, = 2 and = 2 . Essentially, a measurement of the effective mode index of the elliptically polarized SPPs in the presence of 10 nm thin anisotropic h-BN, will allow for the extraction of the out-of-plane refractive index, given that the in-plane refractive index is known a priori from the waveguide modes. Because the SPP propagation in presence of the h-BN is affected by both and , this experiment alone is insufficient to extract the value of . However, using the previously measured in the first experiment, can be extracted from FDTD simulations, as outlined in Figure 5a . Figure 5b shows the resulting in-plane and out-of-plane refractive index values of h-BN. Over the wavelength range 550-700 nm, is in the range 1.45-2.12 and is in the range 1.98-2.12.
Conclusions
2D materials are expected to exhibit new physics when approaching the monolayer limit [9, 13, [17] [18] [19] [20] . However, the ability to experimentally measure the anisotropic refractive indices of a thin, small area material is traditionally a difficult experiment, even for isotropic materials. Our methodology allows us to measure two unknowns-the in-plane and out-of-plane refractive indices of h-BN, which has been used in several works as a dielectric material [13, 21, 22] . The strategic material choice of h-BN for the proof of principle has two main benefits: previous experiments have shown thin film h-BN to not differ from bulk h-BN too drastically, so the data can be checked against previous experiments and, most importantly, it paves the way for the measurement of materials that require h-BN encapsulation, such as transition metal dichalcogenides [9, [18] [19] [20] and black phosphorous [8, 9, 15] . We anticipate that the knowledge of the optical constants of 2D materials, and particularly the possibility of experimentally accessing their out-of-plane optical properties due to the SPP coupling, will allow for their use in a wider variety of optics experiments and devices.
Materials and Methods

Fabrication:
Devices on SiO2: h-BN is mechanically exfoliated on to a 285nm SiO2/Si substrate with predefined metallic alignment marks. The substrates are then coated with MA-N 2403 (negative electron beam resist) and exposed with an electron beam system with a dose of 1200 μC/cm 2 using an accelerating voltage of 125 kV. The samples are shaped into rectangles, triangles, or circles.
After developing in AZ-726 for 1 minute, the samples are post-baked at 100 C for 10 minutes.
Then h-BN is etched by using a reactive ion etching (RIE) system with CHF3/Ar/O2 at flows of 10/5/2 sccm respectively and a RF generator at 30 W for 2-5 minutes. After the etching process, The collected intensity can be expressed as the squared absolute value of :
where N is the number of guided modes in the sample. The summation A gives a constant background in the plane. The summation B represents the direct interference between each guided mode and the reflected beam, and which can be written as:
where θ n represents the angle of the linear polarization and the complex phasor of the electric field. represents the phase of the complex phasor of the electric field . The summation C gives the interference among guided modes, and can be written as:
The NSOM scans demonstrate fringes which are compatible with the second part of the summation, since they have a spatial periodicity of . We can come to this conclusion by noting that the dominant fringes are parallel to the edges which launches them. In addition, any interpretation of the fringes as standing waves would be incorrect, since this would require a doubled spatial periodicity, while the observed periodicity is just 40% shorter than the free space wavelength (Figure 3b) . Therefore, the observed fringes cannot be standing waves associated to the guided modes.
The dominance of these fringes is due to the fact that 0 is significantly larger than 1 , 2 , … However, the summation C (direct interference among guided modes) can be observed as fainter dots in the 2D Fourier transform, especially in the inset of Figure 2b .
The presence of the factor cos(θ 1 − θ 0 ) indicates that the interference fringes are stronger when the mode is propagating orthogonally with respect to the incident beam polarization, so that the fields are parallel. In addition, each edge scatters the incident beam in the guided mode with different intensities depending on the angle between the edge and the incident polarization. Since only the component of the incident field parallel to the edge can couple to the guided mode, another cos(θ 1 − θ 0 ) factor appears, so that the fringes intensity is proportional to cos 2 (θ 1 − θ 0 ).
SPP Interference Fringes
The fringes observed in the SPP experiment comes from the interference of incident beam transmitted through the sample and the propagating SPPs. If the wavefront of the incident beam is flat on the plane of the sample, then constructive interference will occur with the propagating SPPs and the bright fringes will be spaced by . If, however, the incident wavefront has some curvature, the fringes will be spaced by an amount greater than . To see why, let us consider the phase evolution of the incident beam and the SPPs. The SPPs accumulate phase as they propagate in the form: = 2 / , and the slope of the line is (we take = 0 to be the position of the slit). If the impinging beam is incident at an angle, the phase accumulated on the plane of the sample will be given by = 2 sin / 0 + 0 , where is the angular deviation from a flat wavefront and 0 is the phase relative to the SPPs at = 0. This is the reason why the fringes are spaced by greater than when the incident wavefront is not flat, as graphically shown in Supplementary Figure 6 .
Error Sources
There are four non-obvious sources of error in our experiments. resulting interference fringes will be spaced by a different amount due to the incident wavefront curvature that creates a local local tilt .
In fact, the local tilt will introduce a variation in the fringe spacing that can be derived from the interference argument above considering an additional in-plane momentum = 0 sin( ). The spatial frequency of the fringes is then given by:
where the term sin( ) is the relative error on the measured . Fortunately, this effect is systematic and can be corrected using two different approaches in the two experiments (waveguide modes and SPPs).
For waveguide modes, we perform the Fourier transform on fringes that are orthogonal to the Airy fringes of the Gaussian beam (Numerical aperture of the objective lens: 0.45, Rayleigh range: 210 nm), thus making sure that the error due to the local tilt is null.
Concerning the SPPs, since we have to focus on the slit to maximize the SPPs' intensity, the above strategy cannot be used because the fringes will always be parallel with respect to the Airy discs.
Instead, the error can be compensated for by a calibration factor using the SPP fringe spacing on the Ag/air interface. The calibration factor is calculated by computing the ratio of the measured to the value predicted by theory using data from McPeak 2015 [S1]. The average value for the calibration factor is 1.03 (all wavelengths have a calibration factor > 1), indicating a 3% increase in measured as compared to the expected value from theory. This is consistent with the explanation that there are several sources of systematic error that cause an increase in the measured SPP wavelength.
Error Bar Calculation:
The error bars represent the uncertainty due to the limited number of fringes, and have been computed in the following way. First, we estimate the uncertainty of the effective indices of the TE waveguide modes ( , ) and of the SPPs ( , ) from the limited resolution of FFT.
Here, the relative uncertainty is given by:
where N is the number of fringes in each case, which depends on the wavelength and on the size of useful portion of the NSOM image used in the FFT.
Subsequently, the uncertainty is propagated to find the errors on and , namely ∆ and ∆ . This is done using the standard propagation of errors in the non-linear case. In fact, noting that: Geometric considerations prove that the interference fringe spacing for the light incident at an angle must be larger than .
